Abstract: Sleep disorders constitute major nonmotor features of Parkinson's disease (PD) that have a substantial effect on patients' quality of life and can be related to the progression of the neurodegenerative disease. They can also serve as preclinical markers for PD, as it is the case for rapid eye movement (REM)-associated sleep behavior disorder (RBD). Although the etiology of sleep disorders in PD remains undefined, the assessment of the components of the circadian system, including melatonin secretion, could give therapeutically valuable insight on their pathophysiopathology. Melatonin is a regulator of the sleep/wake cycle and also acts as an effective antioxidant and mitochondrial function protector. A reduction in the expression of melatonin MT 1 and MT 2 receptors has been documented in the substantia nigra of PD patients. The efficacy of melatonin for preventing neuronal cell death and for ameliorating PD symptoms has been demonstrated in animal models of PD employing neurotoxins. A small number of controlled trials indicate that melatonin is useful in treating disturbed sleep in PD, in particular RBD. Whether melatonin and the recently developed melatonergic agents (ramelteon, tasimelteon, agomelatine) have therapeutic potential in PD is also discussed.
Introduction
Parkinson's disease (PD) affects several million people worldwide, irrespective of gender, social, ethnic, economic, or geographic boundaries [Elbaz and Moisan, 2008] . Key symptoms, such as tremor, rigidity, bradykinesia and postural instability, develop when about three quarters of dopaminergic cells are lost in the substantia nigra pars compacta, and consequently the smooth, coordinated regulation of striatal motor circuits is hampered [MaguireZeiss and Federoff, 2010; Tansey et al. 2007; Zhang et al. 1999] . Other nonmotor symptoms are seen in PD, and some of them, such as hyposmia, depression, or rapid eye movement (REM)-associated sleep behavior disorder (RBD), can precede the onset of disease. Nonmotor symptoms are often misdiagnosed and untreated although their appearance is indicative of a worse prognosis and lower quality of life.
At this time, there is no treatment that will delay or stop the progression of PD, and medications currently available are mostly symptomatic. Although the increasing incidence of age-associated neurodegenerative diseases such as PD has been attributed to the augmented generation of free radicals and the associated oxidative stress, which is enhanced in certain regions of the aging brain [Gibson et al. 2010; Fahn and Cohen, 1992; Olanow, 1992] , antioxidants, such as vitamin E that attenuates 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) Parkinsonism in rodents [Itoh et al. 2006] , have not had significant effects on the evolution of the disease in humans [The Parkinson Study Group, 1993] .
A number of studies have repeatedly documented the prevalence of sleep disturbances in PD, which in some cases was close to 90% [Comella, 2007 [Comella, , 2006 Garcia-Borreguero et al. 2003; Happe et al. 2002; Trenkwalder, 1998; Lees et al. 1988] . In the present manuscript attention is focused on the possible role of sleep disturbance and disruption of circadian rhythm function in the progression of PD. More particularly, the activity of melatonin, whose secretion is a key signal for sleep/wake cycle organization and has a relevant neuroprotective activity in a number of experimental models, is discussed. It has been shown that a decrease in melatonergic receptors occurs in the amygdala and the substantia nigra of PD patients [Adi et al. 2010] and that this reduction coexists with PD-associated sleep disturbances. Further, there is some clinical evidence that melatonin can be a useful add-on therapy for RBD in PD [Aurora et al. 2010] .
With the introduction of new melatonergic agents such as ramelteon, tasimelteon, and agomelatine, the opportunity now exists for designing clinical trials to determine whether these agents have merit for treating sleep disorders in PD. Inasmuch as melatonin has been demonstrated to be an effective sleep regulator and multifunctional antioxidant, any possible consideration of its role in the etiology of PD could be relevant not only for providing new insights of the disease, but also for giving background to the therapeutic use of melatonergic agonists in PD.
Basic sleep physiology
The sleep-switch model (Figure 1 ), originally proposed by Saper and colleagues, describes flipflop mutual inhibitions among sleepassociated activities in the ventrolateral preoptic nucleus and wakefulness associated activities in the tuberomammillary nucleus, dorsal raphe nucleus and locus coeruleus (LC) [Saper et al. 2005] . The components of the ascending reticular activating system also include dopamine (DA)-containing neurons in the substantia nigra pars compacta (SN) and the ventral tegmental area (A10 area), the basal forebrain (cholinergic neurons) and the pedunculopontine and laterodorsal tegmenti (PPT/LDT) (cholinergic neurons).
Orexinmelanocyte concentrating hormone neurons in the lateral hypothalamus provide stimulatory input to the wakefulness-promoting areas (Figure 1 ).
The daily sleep/wake cycle is influenced by two separate processes: (1) the endogenous biological clock that drives the circadian rhythm of sleep/ wake cycle (Process C, for 'circadian') and (2) a homeostatic component (Process S, for 'sleep') that influences sleep propensity, a state which is determined by the immediate history of sleep and wakefulness and additionally by the duration of previous sleep episodes [Borbely, 1982] . These two processes, which interact continuously, determine the consolidated bout of sleep at night and the consolidated bout of wakefulness during daytime.
A 'forced desynchrony paradigm' (in which the subject's circadian rhythms are experimentally desynchronized) has been used to study the contribution of each of these components. Observations of subjects whose circadian rhythms had been experimentally desynchronized have supported the inference that REM sleep is driven by the circadian component whereas slow-wave sleep (SWS) (or non-REM sleep) is driven by the homeostatic component [Scheer et al. 2007] .
The circadian system is also known as a wakepromoting system because it determines the strength of wakefulness [Borbely, 1982] . The circadian rhythm in the secretion of the pineal hormone melatonin has been shown to be responsible for the sleep rhythm in both normal and blind subjects (i.e. in the absence of the synchronizing effect of light). It is possible that melatonin feedbacks at the suprachiasmatic nucleus (SCN) to inhibit the circadian signal responsible for promoting wakefulness [Wehr et al. 2001; Dijk et al. 1997; Sack et al. 1992] (Figure 1 ).
Since the SCN interacts with both sleep regulatory mechanisms, Process S and Process C, it was suggested that a functional disruption of the SCN is involved in disorders of sleep and wakefulness [Saper et al. 2005] . The role of the SCN in sleep regulation was first studied in the squirrel monkey. In this primate species lesions made in the SCN caused either loss of sleep or prolonged sleep [Edgar et al. 1993] . It is suggested that circadian signals emanating from the SCN promote wakefulness during the day and may facilitate sleep during the subjective night. It is interesting to note that the neural pathways from the SCN that promote wakefulness are complemented by those that are involved in the promotion of sleep (Figure 1 ) [Saper et al. 2005] .
Pathophysiology of sleep disorders in Parkinson's disease Several studies have revealed that Lewy's body pathology, a characteristic feature of cellular PD lesions, is pronounced not only in SN but also in other central nervous system (CNS) regions such as the lower brainstem and several nuclei of the autonomic nervous system [Beach et al. 2009; Braak et al. 2007 Braak et al. , 2003 ]. According to Braak and colleagues, the first stage of PD involves deposition of a-synuclein in the anterior olfactory nucleus, the olfactory bulb, and the dorsal motor nucleus of the vagus [Braak et al. 2007 [Braak et al. , 2003 ]. In addition, neurons of the unmyelinated lamina-1 spinal cord and peripheral autonomic ganglia are also affected. Stage 2 is characterized by neurodegenerative processes comprising brainstem cholinergic, serotoninergic, and noradrenergic regions, such as the PPT/LDT, LC and the and reticular-activating system, the dopaminergic neurons of the SN being affected only at stage 3. At more advanced stages (46) cortical neurons become affected [Beach et al. 2009; Braak et al. 2007 Braak et al. , 2003 . Saper et al. [2005] ) of key components of the 'ascending reticular arousal system' mediating wakefulness (left) and the inhibitory control on these components during slow-wave sleep (SWS) by GABAergic neurons of the ventrolateral preoptic nucleus (VLPO), located at the bottom of the anterior hypothalamus (right). During wakefulness the histaminergic neurons in the ventral tuberomammillary nucleus (TMN) at the bottom of the posterior hypothalamus provide a strong inhibitory influence to the VLPO. The components of the ascending reticular activating system further include the dorsal raphe nuclei (DRN, 5HT neurons), the locus coeruleus (LC, noradrenergic neurons), the pedunculopontine and laterodorsal tegmenti [PPT/LDT, acetylcholine (Ach)-containing neurons], DA-containing neurons in the substantia nigra (SN) and the ventral tegmental area (VTA), and the basal forebrain (BF, cholinergic neurons). Orexinmelanocyte concentrating hormone (MCH) neurons on the lateral hypothalamus (LH) provide stimulatory input to the wakefulness-promoting areas. The LC-a and magnocellular nuclei (MN), participating in REM-induced atonia (see Figure 2 ) are also depicted. Red labels denote activation, while blue labels denote inhibition. In PD several of these monoaminergic areas promoting wakefulness degenerate (see the text) which is a feasible explanation for the increased somnolence found. Lower part: the SCN, projecting through the hypothalamic ventral subparaventricular zone (sPVZ), promotes wakefulness principally by augmenting the activity of orexinergic/MCH-containing neurons in LH. Melatonin inhibits via MT 1 and MT 2 receptors, SCN activity and promotes sleep. In PD a decrease of MT 1 and MT 2 receptors are found in SN and amygdala [Adi et al. 2010] , which could explain the impoverishing of sleep.
Despite some debates on the preclinical processes [Wu et al. 2011] , there can be no doubt about a remarkably extended period of neurological changes prior to the appearance of classic PD symptoms. In several cases, these changes have been assumed to date back to the perinatal period [Wu et al. 2011 ].
This particular pattern of neurodegeneration explains why sleep disorders have such a high prevalence rate in PD and why they deserve consideration for clinical prediction of the disease [Postuma et al. 2010] . Indeed, neurological nonmotor and psychiatric manifestations of PD often precede the traditionally recognized motor manifestations [Postuma et al. 2010; Savica et al. 2010] . Casecontrol and cohort studies suggest that depression and anxiety disorders are also one of the earliest manifestations of PD [Postuma et al. 2010; Weisskopf et al. 2003; Shiba et al. 2000] . Since sleep disturbances in PD patients are associated with cognitive decline and psychiatric symptoms [Comella, 2007 [Comella, , 2006 , it has been suggested that attention be focused on the development of targeted interventions for early correction of nonmotor disorders [Naismith et al. 2010] .
Sleep and chronobiological disorders in PD Most patients with PD experience sleep-related symptoms, such as difficulty in initiating and maintaining sleep, excessive daytime somnolence (EDS), and parasomnias such as RBD [Ceravolo et al. 2010] . When occurring in the absence of medication these PD sleep disorders are classified as primary and are regarded as intrinsic to PD, while those appearing subsequent to medications are classified as secondary [Friedman and Chou, 2004] .
The most common sleep-related manifestation of PD is sleep fragmentation, with a prevalence of 39% [Tandberg et al. 1999] , concomitant with PD motor disorders [Larsen, 2003] or nocturia [Lees et al. 1988] . Nocturnal motor activity, including off-state dystonia, cramps, tremor or severe akinesia, and rigidity tend to produce painful postures or problems in turning in bed [Chaudhuri et al. 2006; Dhawan et al. 2006b ].
Overall, difficulties in falling asleep or in maintaining restorative sleep are found in PD. Disorders of sleep initiation and maintenance are characterized by either a reduction in the stages 3/4 of non-REM sleep or by a decrease in REM sleep [Adler, 2005; Adler and Thorpy, 2005] . They may represent a direct effect of disease on sleep architecture or could be an indirect effect mediated by either the cardinal parkinsonian symptoms or by the medication employed [Suzuki et al. 2007; Kaynak et al. 2005; GarciaBorreguero et al. 2003; Young et al. 2002] .
Restless legs syndrome is also prevalent in PD patients and has been considered the consequence of local iron deficiency in the SN, although evidence is this respect is not compelling [Nomura et al. 2006; Ondo et al. 2002] [Boeve et al. 2007b] .
LGN: lateral geniculate nucleus. PPT/LDT: pedunculopontine and laterodorsal tegmenti.
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EDS [Comella, 2006; Garcia-Borreguero et al. 2003 ], ultimately affecting health-related quality of life [Weintraub et al. 2004; Scaravilli et al. 2003 ], affects up to 50% of PD patients [Monderer and Thorpy, 2009; Comella, 2006; Hobson et al. 2002] . Factors that contribute to EDS in PD include PD motor disability, impact of PD and other medications on alertness, presence of depression and dementia, and concurrent medical illnesses [Simuni, 2004] . The severity of EDS does not correlate with the degree of nocturnal sleep impairment in PD [Arnulf et al. 2002] and increases with the progression of the disease. Although it has been suggested that intake of both dopaminergic agonists and levodopa are contributing factors in the development of EDS [Mehta et al. 2008] , it could also be due to the underlying pathology of PD [Erro et al. 2010; Arnulf et al. 2002] . In a study performed in one of our laboratories, day-to-day sleep quality self-evaluations by sleep log and actigraphy, PD sleep scale (PDSS), daytime somnolence and sleep log daily wellbeing could differentiate PD patients from healthy controls, but only daily wellbeing segregated moderately/ severely affected PD patients from the less affected patients [Pérez Lloret et al. 2009 ]. Nocturnal activity, as assessed by actigraphy, increased only in PD patients taking higher doses of levodopa, independently of their disease's severity. Multivariate regression analysis showed that PD severity and depression were the only predictors of reduced sleep quality [Pérez Lloret et al. 2009 ].
Neuropsychiatric symptoms, such as vivid dreams, nightmares and nocturnal hallucinations, or RBD, are commonly observed in PD [Chaudhuri et al. 2006 [Chaudhuri et al. , 2002 Dhawan et al. 2006a Dhawan et al. , 2006b Grandas and Iranzo, 2004] . RBD in PD may occur as a prodromal feature, predating motor symptoms by several years [Postuma et al. 2010] . Its prevalence, which is thought to be 60%, has been identified in longitudinal studies and is suspected to be a predictor for dementia in longitudinal studies [Marion et al. 2008; Vendette et al. 2007] . RBD is characterized by a loss of skeletal muscle atonia with prominent motor activity and dreaming [Boeve et al. 2007a; Olson et al. 2000] (Figure 2 ).
Numerous cases of RBD have been found in clinically diagnosed PD patients [Boeve et al. 2007a; Schenck et al. 1996] . In several studies RBD has been demonstrated to be more frequent in the male than female gender, but the reasons for this male predominance are not yet known [Ceravolo et al. 2010] . Loss of REM sleep atonia and/or increased locomotor drive have been suggested as likely mechanisms for the clinical expression of human RBD [Boeve et al. 2007b] (Figure 2 ). There is a tendency for the dream content to involve an aggressive, attacking, or chasing theme. Nightmare behaviors such as screaming, kicking, punching, and injuring the bed partner are quite common [Jahan et al. 2009 ].
Nocturnal disturbance and sleep arousals as measured by actigraphy are specific to RBD seen in PD [Naismith et al. 2010] . A loss of orexin neurons and of cells secreting melaninconcentrating hormone in the hypothalamus of PD patients is said to be responsible for nocturnal insomnia, RBD and hallucinations [Thannickal et al. 2008 [Thannickal et al. , 2007 . However, changes in orexin do not necessarily underpin associated RBD sleep disturbances [Compta et al. 2009] . The investigation of the components of the circadian system (that mediates the onset and timing of REM sleep), including the pattern and timing of melatonin secretion, combined with clinicopathological assessments, could be useful for defining the chronobiological correlates of RBD in PD.
Imaging studies have been useful in identifying the role of dopaminergic alterations in the pathogenesis of PD sleep disorders [Mehta et al. 2008] . In a study conducted on 10 PD patients, polysomnographic (PSG) parameters were compared with dopaminergic functions in the striatum and upper brainstem using [ 18 F] fluoro-DOPA (F-DOPA) positron emission tomography. Decreased F-DOPA uptake was found to correlate with increased REM sleep duration in early PD [Hilker et al. 2003 ]. Treatment of PD with dopaminergic drugs has been shown to promote sleep when given in low doses, but when administered in higher doses it prolonged sleep latency and caused fragmentation of sleep [van Hilten et al. 1994] . Selegiline, when given to PD patients, caused alerting effects and caused difficulty in falling asleep [Lavie et al. 1980] . PD patients when given pergolide as an add-on drug increased nocturnal activity and worsened sleep fragmentation as compared with placebo [Comella, 2006] . Thus, both dopaminergic drugs as well as nondopaminergic drugs commonly used for treatment of PD may affect sleep and degrade the quality of life in these patients. Hence, there is a necessity to introduce clinically effective nontoxic sleep-promoting drugs for treatment of sleep disorders seen in PD. In this context the neurohormone melatonin and particularly its agonists ramelteon, tasimelteon, and agomelatine offer promising features for the treatment of sleep disorders associated with PD.
In the last decade many studies of molecular clock mechanisms involved in regulating the circadian physiology and behavior in mammals have been carried out. These have focused on central circadian pacemaker, the SCN of the anterior hypothalamus, as well as on a number of peripheral tissues and cells [Dibner et al. 2010; Liu et al. 2007] . Several circadian genes, known as 'clock genes', have been identified. Among these Per1 and Bmal1 are regarded as the best markers of the molecular clock. Disruptions of Bmal1 and Per1 expression in mice brought about altered circadian behavior and dysregulation of circadian patterns in cell function [Kondratov et al. 2006; Cermakian et al. 2001] . The circadian clock genes Per1 and Bmal1, which are expressed in many peripheral cells, are also located in leukocytes of healthy humans [Fukuya et al. 2007] , and studies of these genes have been undertaken in total leukocytes of PD patients [Cai et al. 2010b] . During the dark phase expression of Bmal1 but not of Per1 was much reduced in PD patients, suggesting an alteration of the peripheral molecular clockwork in Parkinsonism. The decrease in expression of Bmal1 in PD patients correlated with the United Parkinson's Disease Rating Scale score and Pittsburgh Sleep Quality Index score [Cai et al. 2010b ].
Alteration of clock gene expression could be the basis for many of the circadian rhythm disturbances that are commonly seen in PD. However, it must noted that the discussion of circadian aspects of PD in a clinically meaningful context is an exceedingly complex problem due to the numerous confounding factors, such as pain, bladder dysfunction, sedation from medications, depression, anxiety, daytime naps, etc. Therefore, caution is needed in interpreting clinical data.
Parkinsonian symptoms themselves undergo circadian fluctuations [Willis, 2008] . Patients with PD often experience worsening of symptoms in the afternoon and the evening. Patients with PD also experience time-dependent responsiveness to dopaminergic stimulation [Bruguerolle and Simon, 2002] . In PD patients Fertl and coworkers reported that levodopa-treated patients but not the 'de novo' patients showed a phase advance of the melatonin circadian rhythm [Fertl et al. 1993 [Fertl et al. , 1991 . Bordet and colleagues confirmed those results and showed no changes in locomotor activity, cortisol nor temperature rhythms in 'de novo' PD patients [Bordet et al. 2003] . In this study a decrease in amplitude of circulating melatonin rhythm was also observed.
Corresponding data were obtained in a recent study performed in one of our laboratories in which untreated ('de novo'), levodopa-treated without motor fluctuations (stable) and levodopa-treated fluctuating idiopathic PD patients were examined in their sleep/wake rhythmicity [Pérez Lloret et al. 2010] : treated patients of stable and fluctuating groups showed significantly earlier waking and ending of the immobility time. Indeed, sleep/wake rhythm alterations in PD patients are expressed along a continuum, varying as a function of levodopa-treatment intensity.
A primary approach to the treatment of sleep disorders in PD concerns to sleep hygiene, since so far there are no controlled data on any specific hypnotic agent in PD. Since previous sleep hygiene measures are often not sufficient, it is recommended that hypnotic agents must be prescribed with caution with close monitoring for potential side effects, specifically confusion and daytime sleepiness [Ceravolo et al. 2010] . This relative lack of safe pharmacological tools to treat PD sleep disorders has focused interest on recently developed pharmacological agents such as ramelteon, agomelatine, and tasimelteon that are melatonin receptor agonists which, compared with melatonin itself, have a longer half life and greater affinity for melatonin receptors. Consequently, they are thought to hold promise for treating a variety of sleep disorders.
One important point when dealing with the effect of melatonin analogs is to understand that they are not regular hypnotic drugs resembling benzodiazepines and their derivatives. Melatonin-like compounds exert a promoting effect on sleep by amplifying day/night differences in alertness and sleep quality and displaying a modest sleep inducing effect, quite mild as compared with the efficacy of benzodiazepines.
Melatonin: physiological role Melatonin, which occurs ubiquitously in nature, is a remarkable molecule with diverse physiological functions [Hardeland et al. 2011; Reiter et al. 2010; Pandi-Perumal et al. 2006b ]. In mammals circulating melatonin is synthesized by the pineal gland with a nocturnal maximum of about 200 pg/ml and a daytime nadir of less than 10 pg/ml [Arendt and Skene, 2005] . Although synthesis also occurs in various other regions of the body such as the gastrointestinal tract, skin, lymphocytes, platelets, bone marrow cells, retina, or thymus [Hardeland et al. 2011; Reiter et al. 2010; Pandi-Perumal et al. 2006b ], in all of these tissues melatonin has either an autocrine or a paracrine role.
Once formed melatonin is not stored within the pineal gland but diffuses into the capillary blood and cerebrospinal fluid (CSF) [Tricoire et al. 2003 ]. In a recent study conducted in humans, CSF melatonin levels were found to be higher in the third ventricle compared with the lateral one, thus indicating that melatonin enters the CSF through the pineal recess, even during daytime [Leston et al. 2010] In all mammals pineal melatonin biosynthesis is synchronized to light/dark cycle by the SCN, which receives its input from the retinohypothalamic tract. Special photoreceptive retinal ganglion cells containing melanopsin as a photopigment are involved in the projection from retina [Berson et al. 2002; Brainard et al. 2001] . Fibers from the SCN pass through a circuitous route involving the paraventricular nucleus of the hypothalamus, medial forebrain bundle, reticular formation, lateral horn cells of the spinal cord, superior cervical ganglion, and then proceed to innervate pineal gland as postganglionic sympathetic fibers. NE released from these fibers regulate melatonin biosynthesis mainly through a b-adrenergic receptorsadenylyl cyclasecyclic AMP mechanism [Klein et al. 1971 ].
In the circulation melatonin is partially bound to albumin [Cardinali et al. 1972] , and can also bind to hemoglobin [Gilad and Zisapel, 1995] . Circulating melatonin is metabolized mainly in the liver where it is first hydroxylated by cytochrome P 450 mono-oxygenases (isoenzymes CYP1B1, CYP1A2, CYP1A1) and thereafter conjugated with sulphate to be excreted as 6-sulfatoxymelatonin. Melatonin can be metabolized nonenzymatically in all cells of the body. It is converted into 3-hydroxymelatonin when it scavenges two hydroxyl radicals [Tan et al. 1998 ]. In the brain a substantial amount of melatonin can be metabolized to kynuramine derivatives [Hirata et al. 1974] , especially under brain inflammatory conditions [Hardeland et al. 2009; Silva et al. 2005] . These metabolites of melatonin which are formed in the brain, namely, N 1 -acetyl-N 2 -formyl-5-methoxy kynuramine (AFMK) and N 1 -acetyl-5-methoxykynuramine (AMK), also share the antioxidant and anti-inflammatory properties of melatonin [Hardeland et al. 2009; Tan et al. 2001] .
Melatonin exerts its physiological actions through G-protein MT 1 and MT 2 melatonin receptors expressed both singly and together in various cells and tissues of the body [Dubocovich et al. 2010] . Functional melatonin receptors have been localized in different areas of the brain such as the SCN [Liu et al. 1997] , cerebellum [Al Ghoul et al. 1998 ], hippocampus [Savaskan et al. 2002] and central dopaminergic pathways, including the SN, caudate putamen, ventral tegmental areas, and nucleus accumbens [Uz et al. 2005] . MT 1 and MT 2 receptors, which have been found in the human amygdala and SN of normal subjects, have shown decreased expression in patients with PD [Adi et al. 2010] .
Melatonin exerts some of its actions by binding to calmodulin [Benitez-King, 2006; BenitezKing and Anton-Tay, 1993] , as well as to nuclear receptors of retinoic acid receptor family RZR b, RORa-1, and RORa-2 [Wiesenberg et al. 1998 ]. Melatonin's antioxidant actions comprise receptor-dependent and receptor-independent effects and, in particular, modulation of mitochondrial metabolism [Hardeland et al. 2011] .
Melatonin is involved in the control of various physiological functions of the body such as seasonal control of reproductive processes [Srinivasan et al. 2009b; Reiter, 1980] , sleep regulation [Wurtman and Zhdanova, 1995] , immune mechanisms [Srinivasan et al. 2005; Guerrero and Reiter, 2002] and regulation of circadian [Deacon and Arendt, 1995; Armstrong, 1989] and sleep/wake rhythms [Arendt and Skene, 2005; Rajaratnam et al. 2004] . In addition to the above-mentioned physiological actions melatonin in pharmacological doses inhibits tumor growth and may have a potential therapeutic value in treating breast cancer, prostate cancer, melanoma, and cancer of gastrointestinal tract [Srinivasan et al. 2008; Blask et al. 2005] . Melatonin also exerts antinociceptive and antiallodynic actions [Srinivasan et al. 2010] . As the prototype of the chronobiotic class of drugs [Cardinali et al. 2006; Arendt and Skene, 2005; Pévet et al. 2002; Dawson and Armstrong, 1996] melatonin restores the phase and amplitude of circadian rhythmicity by interaction with MT 1 and MT 2 receptors expressed in the SCN.
Conflicting results have been published on the circulating levels of melatonin in PD patients. In one study in which the levels of melatonin were measured twice daily at morning hours (10:00 and 12:00) the circulating melatonin levels from healthy subjects were lower than those of PD patients [Catala et al. 1997] . No information on nocturnal melatonin levels was provided in this study. Phase advances of the melatonin circadian rhythm were reported in PD patients [Bordet et al. 2003; Fertl et al. 1993 Fertl et al. , 1991 and a decrease in the amplitude of circulating melatonin rhythm was also observed [Bordet et al. 2003 ].
Owing to the lower rates of cancer mortality/incidence in patients with PD, speculations about risk or preventative factors common to both diseases, including lifestyle factors (such as smoking) and genetic susceptibility have been entertained [Rod et al. 2010] . Relevant to the subject of the present review is that preliminary epidemiological evidence suggests that longer years of working night shifts is associated with reduced melatonin levels and reduced risk of PD among whereas longer hours of sleep appear to increase their risk [Schernhammer et al. 2006] . While lower melatonin concentrations may predict a higher cancer risk [Stevens et al. 2011] , there is also some evidence that they may be associated with a lower risk of PD.
Melatonin's neuroprotective role in animal models of Parkinson's disease Animal models employed for studying the efficacy of various therapeutic agents in PD commonly produce behavioral deficits by suppressing brain dopaminergic function [Terzioglu and Galter, 2008; Schober, 2004] . This is achieved by injecting 6-hydroxydopamine (6-OHDA) into the nigrostriatal pathway of the rat or by the systemic or intracerebral administration of neurotoxins such as MPTP, rotenone, or manebparaquat. The loss of dopamine neurons occurring in these animal models causes severe sensory and motor impairment which in turn gives rise to tremor, rigidity, and akinesia similar to those seen in PD patients [Terzioglu and Galter, 2008; Schober, 2004] . A major concern on these neurotoxin models is the obvious difference between models comprising attenuation of disease symptoms and models of the disease process itself, e.g. the a-synuclein knock out model [Ubhi et al. 2010; Rockenstein et al. 2007] . There is no information on melatonin efficacy to modify PD phenotype in genetic models of PD.
In a study using the MPTP model to produce PD symptoms, melatonin administration was found to counteract MPTP-induced lipid peroxidation in the striatum, hippocampal, and midbrain regions [Acuñ a-Castroviejo et al. 1997] . Using the same MPTP model, melatonin's ability to prevent neuronal cell death in the nigrostriatal pathway was demonstrated [Antolin et al. 2002] .
MPTP elicits its neurotoxic effects by increasing the amount NO radicals derived from inducible nitric oxide synthase (iNOS) [Terzioglu and Galter, 2008; Schober, 2004] . The NO radicals act mainly on the cell bodies of dopamine neurons while NO radicals derived from the neuronal isoform of NOS (nNOS) damage the dopaminergic fibers and terminals in the striatum. Hence, it has been suggested that agents which inhibit the degenerative effects of iNOS stimulation in the SN should be considered as potential candidates for treating PD [Zhang et al. 2000] . Inasmuch as melatonin can effectively downregulate iNOS and prevent NO radical formation in the brain, it may have the potential to become a therapeutic agent in PD. The neuroprotective action of melatonin in the 6-OHDA animal model of PD has also been documented in other studies [Thomas and Mohanakumar, 2004; Dabbeni-Sala et al. 2001] . In addition, administration of melatonin in various doses (1030 mg/kg) attenuated the rotenone-induced reduced glutathione depletion and increased the activity of the antioxidant enzymes superoxide dismutase and catalase in the nigroestriatal pathway [Saravanan et al. 2007] .
It has been suggested that 6-OHDA could be generated in the brain after increasing dopamine Therapeutic Advances in Neurological Disorders 4 (5) levels in excess and that the increased production of this neurotoxin could be the reason for selective degeneration of the SN in PD. Following levodopa administration, almost every cell in the brain having the aromatic amino acid decarboxylase enzyme will have an excess of dopamine, giving rise to high levels of 6-OHDA in the brain [Maharaj et al. 2005] . To examine the possibility that melatonin might prevent the formation of 6-OHDA in vitro, an experimental design using ferrous-ascorbate dopamine hydroxyl radical generating system, with addition of dopamine (1 mM) was employed [Borah and Mohanakumar, 2009] . The DA dependent production of 6-OHDA in vitro was decreased by melatonin in a dose-dependent manner. In vivo, daily administration of melatonin (30 mg/kg) along with levodopa was administered for seven consecutive days to mice and was found to reduce significantly the levodopaor levodopa þ MPTP-induced generation of striatal 6-OHDA [Borah and Mohanakumar, 2009] .
Oxidative stress is known as one of the mechanisms of maneb-and paraquat-induced nigrostriatal dopaminergic neurodegeneration leading to PD phenotype. A recent study described melatonin efficacy to protect the SN of mice in this experimental model. Melatonin (30 mg/kg) for 9 weeks delayed degeneration, as indicated by changes in locomotor activity, striatal dopamine content, tyrosine hydroxylase immunoreactivity, number of degenerating neurons, lipid peroxidation, and nitrite content, as well as mRNA expression and catalytic activities of vesicular monoamine transporter, cytochrome P-450 2E1 and glutathione-S-transferase A4-4, and protein expressions of unphosphorylated and phosphorylated p53, Bax and caspase 9 [Singhal et al. 2011] . By downregulation of oxidative stress and the apoptotic pathway, melatonin displays nigrostriatal dopaminergic neuroprotection in mice.
It should be noted that contradictory results on the preventive role of melatonin in neurotoxin models of PD are also published. The chronic administration of pharmacological levels of melatonin did not ameliorate the MPTP-induced degeneration of the nigrostriatal pathway in mice [Morgan and Nelson, 2001; van der Schyf et al. 2000] and in one study [Willis and Armstrong, 1999] light exposure significantly reduced the severity of PD symptoms both under 6-OHDA and MPTP treatment of rats, whereas intracerebroventricular implants of slow release melatonin increased the severity of the symptoms.
The alteration of circadian rhythms has been documented in animals with experimental lesions of basal ganglia [Mena-Segovia et al. 2002; Ben and Bruguerolle, 2000] . In rats receiving striatal injections of 6-OHDA, the amplitude of circadian rhythms in body temperature, heart rate, and activity rhythm was not altered, but the acrophase (i.e. the time of the maximum values in the rhythm) was advanced as compared with shamlesioned controls [Ben and Bruguerolle, 2000] . In another study, Mena-Segovia and colleagues reported altered sleep/wake rhythms in striatumlesioned rats, with increased wakefulness and reduced SWS and little modification of the rhythm's phase [Mena-Segovia et al. 2002] .
Mitochondrial dysfunction in Parkinson's disease and the neuroprotective effects of melatonin PD is a neurodegenerative disorder of multifactorial etiology. Among the several putative causal factors, oxidative stress and inflammation have been claimed to play a role in the loss of dopaminergic neurons [Maguire-Zeiss and Federoff, 2010; Tansey et al. 2007; Zhang et al. 1999] . The principal mediators of inflammatory responses in PD are the microglial cells which upon activation release inflammatory cytokines and reactive oxygen species [Tansey and Goldberg, 2010] . In addition, a dysfunctional bloodbrain barrier also appears to be involved in the progression of the disease [Monahan et al. 2008; Zlokovic, 2008; Kortekaas et al. 2005 ].
The MPTP model of PD is a valuable tool for studying not only the participation of various factors such as oxidative/nitrosative stress, excitotoxicity, and inflammation in the pathogenesis of PD, but also for studying the role of mitochondrial dysfunction. MPTP is metabolized into MPP þ (1-methyl-4-phenyl pyridinium) which is taken up into the dopaminergic neurons through dopamine transporter and accumulates in the mitochondria of SN [Terzioglu and Galter, 2008; Schober, 2004] . MPP þ binds to Complex I of the electron transport chain (ETC) to inhibit it, thereby causing increased generation of reactive oxygen species. This results in oxidative damage to ETC, decreased ATP production and nigral cell death [Terzioglu and Galter, 2008; Schober, 2004] [Zhang et al. 2006] .
Recently the participation of mitochondrial iNOS in the mitochondrial dysfunction and nigrostriatal degeneration was studied by using the MPTP model in mice [Tapias et al. 2009] . MPTP administration induced iNOS in the mitochondria of the dopamine neurons leading to high production of NO. Complex I inhibition, NO production and lipid peroxidation were all significantly higher after treatment with MPTP. Treatment with melatonin or AMK counteracted the effects of MPTP in brain nuclei, increasing Complex I activity above the control values in mitochondria. Both melatonin and AMK counteracted the effects of MPTP on lipid peroxidation and nitrite levels in the cytosol and the mitochondria of SN [Tapias et al. 2009] . A remarkable result of this study is that AMK, a brain metabolite of melatonin, was as efficient as melatonin treatment in counteracting i-mtNOS production, oxidative stress, and mitochondrial dysfunction induced by MPTP. The findings of this study raise the intriguing possibility of using kynuramines and related compounds from preventing Complex I dysfunction. Future directions of this study point out to the development of i-mtNOS antagonists such as AMT (2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine) or any other melatonin agonist may have significant value as therapeutic strategies for treating PD, and it is thus suggested that further research to explore this possibility should be undertaken.
Mitochondrial dysfunction is a cell biological characteristic of numerous neurodegenerative diseases and of PD, in particular [Acuñ a Castroviejo et al. 2011] . This has been demonstrated in detail using the cybrid (cytoplasmic hybrid) technique [Esteves et al. 2010; Borland et al. 2009; Keeney et al. 2009a Keeney et al. , 2009b . These studies convincingly showed defects in Complex I functioning of mitochondria obtained from PD patients. Improvements of Complex I activity by melatonin or AMK are, thus, not only relevant to models based on mitochondrial oxidotoxins, but potentially also to patients. Melatonin's property of enhancing Complex I activity has been also demonstrated in otherwise untreated, normally aging and senescence-accelerated mouse strains [Carretero et al. 2009; Rodriguez et al. 2008; Okatani et al. 2003 ]. These data show that it would be a misconception to interpret melatonin's antioxidant actions only in terms of radical scavenging. Therefore, it is clearly different from other antioxidants, such as tocopherols, which are poorly effective in PD. Apart from its various additional effects on antioxidant enzymes and glutathione levels, melatonin reduces radical formation, e.g. by preventing excessive electron leakage at Complex I [Hardeland et al. 2011] .
Melatonin as a therapeutic agent in Parkinson's disease
The finding that a reduced expression of melatonin MT 1 and MT 2 receptors occurs in amygdala and SN in patients with PD [Adi et al. 2010] indicates that there is a possibility that the melatonergic system is involved in the abnormal sleep mechanisms seen in PD as well as in its overall pathophysiology. Melatonin has been used for treating sleep problems, insomnia, and daytime sleepiness in PD patients. In a study undertaken on 40 PD patients (11 women, 29 men; range 4376 years) melatonin was administered for a treatment period of 2 weeks, in doses ranging from 5 to 50 mg/day [Dowling et al. 2005] . To avoid the possibility of producing a circadian shift melatonin was administered 30 min before bedtime (circadian shifts can occur if melatonin is administered at any other time). All subjects were taking stable doses of antiparkinsonian medications during the course of the study. Relative to placebo, treatment with 50 mg of melatonin significantly increased night time sleep, as revealed by actigraphy. As compared with 50 mg or placebo, administration of 5 mg of melatonin was associated with significant improvement of sleep in the subjective reports. The study also found that the high dose of melatonin (50 mg) was well tolerated [Dowling et al. 2005 ].
In another study 18 patients were randomized after performing a basal PSG examination to receive melatonin (3 mg) or placebo 1 hour before bedtime for 4 weeks [Medeiros et al. 2007] . Subjective sleep quality was assessed by the Pittsburgh Sleep Quality Index and daytime somnolence by the Epworth Sleepiness Scale. All measures were repeated at the end of treatment. On initial assessment, 14 patients (70%) showed poor quality sleep and 8 patients (40%) showed EDS. Increased sleep latency (50%), REM sleep without atonia (66%), and reduced sleep efficiency (72%) were found in PSG. Sleep fragmentation tended to be more severe in patients on lower doses of levodopa. Although melatonin significantly improved subjective quality of sleep PSG abnormalities remained unchanged. Motor dysfunction was not improved by the use of melatonin [Medeiros et al. 2007] . Although undetected differences in motor scores and PSG findings may have been due to the small sample size and a type II error, it must be noted that a significant divergence between PSG and subjective sleep evaluation had been reported in PD patients [Happe et al. 2005] . The findings that subjective more than objective findings of impaired sleep quality have a greater negative impact on life quality [Means et al. 2003 ] further suggest that PSG procedures may not be the best method for evaluating sleep disturbance in PD.
Melatonin 312 mg at bedtime has been shown to be effective in the treatment of RBD. This benefit has been reported in one case report [Kunz and Bes, 1997] , two open-label prospective case series of patients with RBD [Takeuchi et al. 2001; Kunz and Bes, 1999] and two retrospective case series [Anderson and Shneerson, 2009; Boeve et al. 2003 ].Taken together, these reports include a total of 38 patients. Out of these, 31 were noted to experience improvement with melatonin, 2 more experienced transient improvements and 1 seemed to worsen. Follow up as far as 25 months was reported. PSG showed statistically significant decreases in number of R epochs without atonia and in movement time in R. This contrasted with the persistence of tonic muscle tone in R sleep seen with patients treated with clonazepam. Owing to these data a recent clinical consensus recommended melatonin use in RBD at Level B, i.e. 'assessment supported by sparse highgrade data or a substantial amount of low-grade data and/or clinical consensus by the task force' [Aurora et al. 2010] .
Exposure to light of 10001500 lux intensity for 11.5 h, 1 h prior to bedtime for 25 weeks has been found to improve the bradykinesia and rigidity observed in 12 PD patients [Willis and Turner, 2007] . A reduction in agitation and psychiatric side effects were also reported in this study. The authors suggested that activation of the circadian system by antagonizing melatonin secretion with bright light has a therapeutic value for treating the symptoms of PD [Willis, 2008] .
At least one study performed in rats receiving 6-OHDA and MPTP treatment indicated that light exposure significantly reduced the severity of PD symptoms while intracerebroventricular melatonin implants increased the severity of the symptoms [Willis and Armstrong, 1999] .
However, a number of observations contradict the conclusion that melatonin promotes PD. Bright light has been employed in a number of studies for treating depressive symptoms and the view has been advanced that suppression of melatonin secretion is not the likely mechanism by which artificial light exerts its therapeutic effect [Rosenthal et al. 1984] . Two possible mechanisms have been proposed for the therapeutic effect of bright light. First bright light could reset the phase of abnormal circadian rhythms seen in depressed patients . Secondly, although evening bright light exposure produces a momentary suppression of melatonin, it actually causes a rebound increase in melatonin secretion late in the night [Beck-Friis et al. 1985] . The fact that bright light exposure ultimately facilitates melatonin secretion rather than suppressing it is said to be responsible for the therapeutic efficacy of bright light in affective disorders. Hence, in the case of PD, bright light may improve the symptoms of PD, not by antagonizing melatonin secretion but by increasing it through a rebound effect.
The bright light effect may be indicative of circadian changes in PD. This may be supported by the reduced Bmal1 mRNA expression in leukocytes [Cai et al. 2010b] , although effects in peripheral oscillators do not necessarily allow conclusions on changes in the hypothalamic master clock. The recent finding that the mouse striatal dopamine receptors D1R and D2R are under circadian control [Cai et al. 2010a ], can be seen as an interesting facet in this context, although circadian variations in receptor expression are by no means exceptional features. However, the conclusion that PD is a 'melatonin hyperplasia' disorder [Willis, 2008] , is not supported by these findings. In this case, one would expect to find substantial elevations of melatonin in PD patients relative to age-matched controls, what has not been observed [Bordet et al. 2003; Sandyk, 1997; Fertl et al. 1993 Fertl et al. , 1991 and a decrease in the amplitude of circulating melatonin rhythm was also observed [Bordet et al. 2003 ]. Instead, melatonin receptor expression has been found to be reduced in the PD SN [Adi et al. 2010 ] rather indicating a weakened melatonin signaling in this relevant area. If PD should turn out to be a circadian disorder, one would expect readjustments by melatonin rather than detrimental effects. However, in this case, this would be no longer a matter of dosage only, but even more that of appropriate circadian timing. In a disturbed circadian system, this may differ from that of healthy subjects and, therefore, require specific determinations of phase shifting effects by melatonin in PD patients.
Potential use of melatonin agonists in the treatment of Parkinson's disease The available evidence indicates that both sleep induction as well as sleep maintenance at appropriate circadian phases are affected in PD patients. Moreover, the onset and timing of REM sleep is also very much impaired in PD patients [Naismith et al. 2010] . RBD seen in PD patients occurs much earlier and is predictive of dementia [Marion et al. 2008; Vendette et al. 2007] . Treatment of sleep disturbances in PD patients with appropriate drugs may help not only in solving sleep problems but may also help to prevent the progression of PD as well.
Since conventional drugs such as benzodiazepines, which are used for treating insomnia, may worsen the cognitive and memory impairment associated with PD, a hypnotic drug without any of these side effects merits consideration as a therapeutic alternative. Moreover, the finding that melatonin exerts its hypnotic and chronobiotic effects by acting through MT 1 and MT 2 receptors located in the SCN further supports the conclusion that it may have value as a therapy in PD. Although melatonin significantly improved subjective quality of sleep, PSG sleep abnormalities persisted in PD [Medeiros et al. 2008 [Medeiros et al. , 2007 . Since melatonin has a short half life (less than 30 minutes), a melatonin agonist with a longer duration of action and enhanced bioavailability might be of a greater benefit than melatonin in promoting sleep initiation.
Ramelteon is a novel melatonin receptor agonist that has been shown to act on MT 1 and MT 2 receptors, and has longer duration of action than melatonin [Kato et al. 2005] . The efficacy and safety of ramelteon in treating insomnia have been proven in a number of clinical studies conducted on elderly insomniacs [Richardson et al. 2009; Roth et al. 2007; Zammit et al. 2007; Erman et al. 2006] . Ramelteon may have considerable therapeutic potential in treating the sleep problems including RBD seen in PD. Apart from treating sleep disturbances, ramelteon can alter the sleep/wake rhythm and can correct REM rhythm abnormality. Tasimelteon, another MT 1 /MT 2 agonist in the process of evaluation, has also been shown to be effective for sleep resynchronization [Rajaratnam et al. 2009 ].
Depression is a common nonmotor symptom in PD. A review of 104 prevalence studies of depression in PD reported a prevalence of major depression of 17% and a prevalence of minor depression and dysthymia of 22 and 13%, respectively [Reijnders et al. 2008] . Depressive disorders may represent the first manifestation of PD years before the onset of motor symptoms [Postuma et al. 2010] . Almost two thirds of subjects meeting the criteria for depression are not treated with a clear impact on disability and on the increased need for symptomatic therapy of PD [Ravina et al. 2009 ].
PET studies have revealed a dysfunction of dopaminergic and noradrenergic central pathways in depressive Parkinsonian patients [Remy et al. 2005] . In addition, the involvement of the serotoninergic system has been proposed, as shown by postmortem [Paulus and Jellinger, 1991] and PET [Boileau et al. 2008] studies. To what extent depression and sleep disorders are causally linked in PD patients is not known. Evidence from epidemiological and electroencephalographic studies implicate sleep disturbances as key factors in the pathogenesis of depressive illness [Lustberg and Reynolds, 2000] . Other evidence consistent with the circadian disruption hypothesis of depression comes from the observation that more than 80% of depressed patients have complaints of sleep disturbances and demonstrate a variety of PSG abnormalities [Riemann et al. 2001] and further that antidepressant therapies that also improve sleep efficiency are especially effective in reducing depressive symptomatology [Srinivasan et al. 2009a] . Moreover, detailed analyses have shown that currently used antidepressants such as selective serotonin reuptake inhibitors (SSRIs) exert adverse effects on sleep, and that the antidepressant effect may be counteracted by their effects on sleep [Lam, 2006; Moltzen and Bang-Andersen, 2006] . Hence, an ideal antidepressant in PD should improve sleep efficiency and reduce depressive symptomatology. Drugs such as nortrypine and other SSRIs, which have been employed to treat depressive symptoms in PD, have not shown great effectiveness against the associated mood disturbances [Dobkin et al. 2010; Weintraub et al. 2010] .
In this context it is worthwhile to mention the newly introduced melatonergic antidepressant, agomelatine. This drug has been tried in major depression disorders and has shown significant antidepressant activity in a number of clinical trials [Eser et al. 2010; Hale et al. 2010; Kasper et al. 2010; Zupancic and Guilleminault, 2006; Loo et al. 2002] . Agomelatine has a dually phased mechanism of action. At night its sleep-promoting melatonergic effects prevail over its potentially antihypnotic 5-HT 2c antagonism, while during the day, its antidepressant action via 5-HT 2c is uncoupled from melatonin's nocturnal actions. The sequential mode of action of agomelatine is its major therapeutic advantage over other agents in the antidepressant class [PandiPerumal et al. 2006a] . The use of agomelatine in PD may have considerable therapeutic potential because of its dual action for treating both the symptoms of depression and disturbed sleep. Since it also shares melatonin's chronobiotic properties, it may thus represent an ideal drug for treating PD.
Concluding remarks
At this time, there is no treatment to delay or stop the progression of PD. Rather, the medications currently available aim more towards the alleviation of PD symptoms. New surgical strategies may reversibly switch on the functionally damaged circuits through the electrical stimulation of deep brain structures. Nevertheless, while deep brain stimulation is a major advance in therapy, it is not suitable for all PD patients. New cell therapy approaches may be helpful in the future but are in a starting phase of design. Therefore, symptomatic medication will prevail for a while as a major approach for ameliorating the clinical signs of PD.
Nonmotor symptoms of PD such as RBD, occur in many PD patients, and predate the manifestation of motor symptoms. Their early diagnosis and treatment are essential for improving the quality of life in PD patients. Melatonin and melatonin agonists can be useful tools in treating sleep and associated disorders in PD. Although some of the suggestions put forward in the present manuscript are speculative, the available evidence supports the inference that melatonin activity in PD can be substantial, and, further, that clinical investigations into the nature of this activity are warranted. This review comes at a critical time, as both preclinical and clinical studies strongly suggest melatonin's efficacy but further analysis is obviously needed. To what extent the therapeutic application of melatonin receptor agonists such as ramelteon or tasimelteon, or the melatonergic antidepressant agomelatine, is useful in PD deserves to be explored. 
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